We aimed to determine the "significant crescent signs" associated with delayed thromboembolic events (DTE) after changes in antiplatelet medication and to evaluate their incidence and natural course.
INTRODUCTION
Stent-assisted coiling has broadened the scope of endovascular aneurysm management in the past decade [1] [2] [3] . Stent-assisted coiling has showed a favorable occlusion rate of aneurysms previously considered uncoilable with protection of the parent vessel 1, 3, 4) . The Enterprise Stent (Cordis Neurovascular, Miami, Fl.) is a widely used self-expandable, closed-cell type and represents a significant improvement in stent-assisted coiling of wide neck aneurysms.
However, despite development of stent-assisted procedures, incomplete stent apposition (ISA) and interruption of antiplatelet therapy can increase the risk of thromboembolic complications 5, 6) . Previous studies have reported that periprocedural thromboembolic complications after Enterprise stent-assisted embolization may be the result of ISA that was associated with the use of a stent in a tortuous parent vessel. The shape of an orphaned area of semilunar flow created by ISA is visible on 3T MRA and looks like a crescent, which is why they are referred to as "crescent signs. " The crescent signs appear to be a risk factor for delayed thromboembolic events (DTE) and resolve spontaneously in only a small minority of cases [6] [7] [8] .
The optimal antiplatelet therapy protocol for prevention of thromboembolic complications after stent-assisted embolization of cerebral aneurysm has not been established. However, few studies reported that DTE were associated with cessation of antiplatelet therapy 5, 9, 10) .
The objectives of this study were to identify "significant crescent signs" associated with DTE after changes in antiplatelet medication and to evaluate their incidence and natural course.
METHODS

Patient selection
There were 105 consecutive patients with 107 aneurysms treated with Enterprise stent-assisted embolization for intracranial aneurysms at our institution between April 2009 and April 2011. Patients were included in this study if they met the following criteria: 1) immediate ( < 48 hrs) and follow-up MRA was performed; 2) distal internal carotid artery (ICA) aneurysms were present; and 3) after discharge, the patients received antiplatelet medication. Seventy-five cases met the inclusion criteria. Exclusion criteria were as follows: 1) use of multiple Enterprise stents (n = 5); 2) cavernous ICA aneurysm (n = 2); and 3) clinico-radiological follow-up shorter than 6 months after embolization (n = 5). Finally, a total of 63 cases were eligible for this study. Patients' age and sex and the location and size (aspect and dome-to-neck ratio) of the aneurysm were analyzed in addition to comorbid conditions including hypertension, diabetes mellitus, hyperlipidemia, coronary artery disease, prior stroke history, and smoking history.
Image assessment and follow-up
During the admission period, all patients underwent brain MRI and MRA within 48 hours after the procedure. In the out-patient unit, all patients were evaluated with a follow-up MRA between 6 and 12 months, 1 and 2 years, and 2 and 4 years. The crescent sign was measured by measuring the length of the gap between the stent and vessel wall on immediate MRA and follow-up images ( Fig. 1) .
A DTE was defined as a symptomatic newly developed infarction on MRI more than 3 months after treatment, which involved vascular territory distal to the stented segment in the absence of other possible sources of thromboembolism.
Antiplatelet management
All patients received dual-antiplatelet therapy (DAT) consisting of aspirin (100 mg/day) and clopidogrel (75 mg/day for 7 days) before the procedure. After the procedure, all patients were maintained on DAT for a few months, followed by mono-antiplatelet therapy.
Statistical analysis
All analyses were performed using SPSS 20.0 version. Means and standard deviations were provided for continuous variables. Student's t-tests and Fisher's exact tests were used for analysis of the variables. A p-value of < 0.05 was considered statistically significant.
RESULTS
Among the 105 patients (107 aneurysms), 63 cases were treated using Enterprise stent-assisted coil embolization and were included in this study. The patients consisted of 51 women (81%, 55.7 ± 7.4 years) and 12 men (19%, 57.6 ± 10.2 years). Thirty-one patients' aneurysms were located on the paraclinoid segment (49.2%), while 22 (34.9%) aneurysms were located on the dorsal wall of the ICA. Aneurysms on the origin of the posterior communicating artery were found in 7 cases (11.1%). Each aneurysm (1.6%) was located on the origin of the ophthalmic and anterior choroidal artery or distal ICA (superior to anterior choroidal artery). The mean aspect ratio (height/neck) of aneurysms was 1.3 (range: 0.6 to 3.1) and the mean "dome to neck" ratio was 1.2 (range: 0.7 to 2.3). The locations of the treated aneurysms are listed in Table 1 .
Onset of DTE and antiplatelet status
During the follow-up period, DTE occurred in 6 (9.5%) of 63 cases (median: 10 months, range: 5 to 14 months). All 6 cases developed DTE in association with antiplatelet medication changes. Three of the six cases occurred in patients who were not on antiplatelet therapy (temporarily stopped for surgery, Fig. 2 ), and the other 3 events occurred in patients who changed DAT to mono-antiplatelet therapy (MAT). The characteristics of patients with DTE are listed in Table 2 .
Correlation between patients' factors and DTE occurrence
We also analyzed patient factors between those who experienced DTE and the remaining patients. Baseline characteristics are compared in Table 3 . The incidence of DTE was higher in patients with a history of prior intracranial hemorrhage or infarction (p = 0.002). There was no significant difference in the other patient clinical factors: age (p = 0.144), hypertension (p = 0.372), diabetes mellitus (p = 0.182), hyperlipidemia (p = 1.000), smoking history (p = 0.404), and coronary artery disease (p = 1.000). In the DTE group, 5 cases exhibited a crescent sign measuring over 5 mm in length at the time of stroke. Thus, we hypothesized that crescent signs over 5 mm may have clinical implications associated with DTE, and we evaluated the incidence of DTE between groups based on crescent signs measuring over 5 mm. The results indicated that a persistent crescent sign measuring over 5 mm, which we named as a "significant crescent sign, " has a strong correlation with DTE occurrence (p = 0.001). 
Incidence and natural course of the crescent sign and antiplatelet medication
Crescent signs measuring over 5 mm were identified in 26 (41.2%) of 63 cases on immediate post-procedural MRA ( < 48 hrs). The locations of crescent signs were the anterior genu of the carotid siphon (n = 21), between the ophthalmic artery and communicating segment (n = 3), neck remnant of aneurysm (n = 1), and untreated aneurysm within stent (n = 1). During the mean radiological follow-up of 53 months, crescent signs measuring over 5 mm persisted for 1 to 6 years in 11 (42.3%) of the 26 cases. In 10 of the remaining 15 cases, the crescent signs were smaller in size (persistent minimal crescent). In the other 5 cases, the crescent signs disappeared or were not detectable on follow-up MRA.
In a total of 63 cases, patients had varied duration of DAT with an average of 6.1 months (range: 1 to 32 months). We analyzed the correlation between a significant crescent sign and incidence of DTE when antiplatelet therapy was changed or stopped (Table 4 ). If a crescent sign measuring over 5 mm existed at the time of changing antiplatelet regimen (DAT to MAT), the incidence of DTE was significantly increased compared to the group without crescent signs or that having minimal crescent signs < 5mm (p = 0.005). When the patient stopped antiplatelet therapy tem- porarily for any other reasons, if the patient had a significant crescent sign, the incidence of DTE was also increased compared to other groups (p = 0.003).
DISCUSSION
The development of intracranial self-expanding stents has broadened the applicable range of endovascular treatment to intracranial aneurysms that are wide-necked, large, or giant-sized. The purpose of using a stent in embolization is prevention of coil protrusion in addition to a diversion effect of the hemodynamic blood flow to diminish intra-aneurysmal flow 1, 3, 4) .
The Enterprise stent was introduced in May 2007. Recently, several studies of short-and long-term results for the Enterprise stent were reported, demonstrating excellent occlusion rate and device navigability, as well as low morbidity and mortality rates 2, 4, 5, 11) . Especially, a long-term report showed that 81% of angiograms demonstrated greater than 90% aneurysm occlusion rates and only 8.3% required retreatment. These results are similar to data reported in a large series of aneurysm coil embolization with and without stent assistance 11) .
However, concern remains over the deployment of potentially thrombogenic sources into the intracerebral artery when ISA exists after stent-assisted coiling. Although ISA has been more reported in cardiology literature [12] [13] [14] , recently, many studies have reported an association between ISA and ischemic events in the neurosurgical fields. The presence of ISA can be detected by its characteristic shape on MRA: a semilunar orphaned area of ICA, which looks like a crescent sign 5) .
Heller et al. reported that in ISA of the Enterprise stent-mediated coiling of aneurysms of 50 patients, delayed ischemic events occurred in 8 (16%) of 50 cases, and all cases involved patients with ISA 6) . In our study, DTE occurred in 6 cases (9.5%) of 63 cases, and 5 of 6 cases had a significant crescent sign at the time of the event. The significant crescent sign was also statistically associated with DTE (p = 0.001). Thus, we suggest that significant crescent signs (over 5 mm) are an important factor in predicting the probability of DTE.
Considering the natural course of crescent signs, some crescent signs were observed consistently on follow-up images. Heller et al. 6) reported that ISA was identified in postoperative imaging studies in 22 (44%) of 50 patients, with 19 (86%) of 22 crescent signs persisting and 3 (14%) of 22 crescent signs resolving on subsequent serial imaging. In this study, initially, significant crescent signs were identified in 26 (41.2%) of 63 cases, and 11 (42.3%) of the 26 cases showed persistent significant crescent signs on their last follow-up MRA. Resolution of the crescent sign on serial im-aging could be explained by 3 possibilities as follows: 1) in-stent stenosis or thrombosis of the orphaned lumen; 2) delayed stent migration; and 3) angle remodeling of a deployed stent 6) . In Heller et al. 's and our studies, however, only small crescent signs were resolved spontaneously. Considering that the crescent sign and incidence of DTE have a significant correlation, continuous follow-up seems necessary once the crescent sign is identified after stent-assisted coiling.
The post-procedural antiplatelet therapy has been accepted as the standard of care for prophylaxis against in-stent stenosis or thromboembolic events. Yamada et al. 10) reported that the use of DAT with aspirin and clopidogrel for elective coil embolization of unruptured cerebral aneurysms has been shown to reduce the rate of symptomatic thromboembolic complications. Mocco et al. 5) reported that all 7 (3%) DTE cases were concomitant to cessation of DAT. Rossen et al. 9) reviewed 154 patients who underwent aneurysm treatment with stent techniques; despite all patients taking aspirin at the time of the ischemic events, 6 (5%) ischemic events developed after clopidogrel discontinuation. In our study, 6 (9.5%) of 63 cases experienced ischemic events and all 6 cases developed DTE in association with antiplatelet medication changes (3 cases-MAT change, 3 cases-stopped temporarily). Regarding our results, especially in patients with a persistent significant crescent sign on follow-up MRA, changing the regimen or cessation of antiplatelet therapy could increase the risk of ischemic events. However, there remain questions regarding the duration of dual-antiplatelet therapy and the optimal time to switch to MAT. In the cardiovascular field, increasing thromboembolic events related to a drug-eluting stent after cessation of clopidogrel have led to the recommendation to maintain the antiplatelet therapy for 6 to 12 months 15, 16) . A retrospective study of 395 patients with 403 intracranial aneurysms treated with stent-assisted coil placement reports that longer-term dual antiplatelet therapy for more than 9 months and a late switch to mono-antiplatelet therapy were found to significantly reduce delayed ischemic stroke 17) . To establish the optimal duration and method of antiplatelet therapy for the prevention of in-stent stenosis in patients with intracranial stents, especially when the ISA is present, further research is needed.
Limitation
As this study was a retrospective analysis, there is a possibility of selection bias. A relatively small number of patients compared with previous studies may be another limitation. The crescent sign was measured only in length in this study. We believe that various useful methods can be employed to evaluate the crescent sign.
